The engine fan ducts used in the F100 fighter are titanium alloy structures consisting of inner and outer plates ("skins") and intervening interior "side" walls that connect the two plates and are arranged in a "honeycomb" fashion. The panels are ultrasonically inspected in immersion in pulse-echo or through-transmission modes to look for common defect conditions : interior water in the honeycomb cells, disbonds between the skins and side walls, and tears in the honeycomb side walls. In such C-scan inspections, focussed transducers are used with the beam(s) normal to the inner and outer skins.
The current ultrasonic pulse/echo inspection scheme for the rear fan duct relies on differences in the echo tail structures which are seen when the beam is scanned across a side wall. The ultrasonic response of an isolated skin region (away from the side walls) is dominated by the multiple reverberations of energy between its two faces. The strength of these reverberations is reduced when the focal spot is centered over a side wall. In this paper we outline a model for predicting the time-domain (RF) signals seen in PIE inspections of honeycomb panels. Our approach makes use of a previously developed Gauss-Hermite beam model [1] and accounts for both focussing and diffraction effects and for the multiple reverberations of sound within skin layers. Model predictions are also compared with experiment.
HONEYCOMB PANELS AND THEIR PULSElECHO INSPECTION
To examine interior geometry of the F100 rear fan ducts, a small section was bisected by making a sawcut parallel to the skins through the honeycombed walls. As shown in Fig. 1a ., this revealed the honeycomb pattern and the manner in which the "side walls" were attached to the skins. As illustrated in Fig. 1a ., we refer to the non-overlapped and overlapped honeycomb side walls as "single walls" and "double walls" respectively. Note that in the rear fan duct, the ends of the side walls are bent before being welded to the skins. These construction details, together with pertinent dimensional information, are illustrated in Fig. 1 b. Periodically, the fan ducts are removed from the F100 engines and are inspected, using a broadband focussed transducer, to locate disbonds as illustrated in Fig. 2 ., or to test for the presence of water in the cells. Fig. 3 . shows RF echoes seen in a typical PIE immersion inspection. In this case a focused, half inch diameter, broadband, is-MHz transducer was used, with the waterpath set equal to the geometrical focal length (3.8 inches). Note that the beam diameter near the focal zone is about 1 millimeter (0.04
Review 0/ Progress in Quantitative Nondestructive Evaluation, Vol. 14 Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New York, 1995 inches) which is considerably smaller than the diameter of the honeycomb unit cell (-9 mm=0.35 inches). In all cases, our waveforms have been digitized at a 100-MHz sampling rate, and averaged to reduce electronic noise. In panel (a) of Fig. 3 ., a "reference" RF echo from the front surface of a thick, fused-quarts block is displayed. The other three echoes in Fig. 3 . were obtained at three distinct transducer locations above an unflawed, rear fan duct section.
In a typical inspection, as illustrated in Fig. 4a ., a time window is chosen which captures a portion of reverberation tail, but excludes the (unvarying) leading portion of the fan duct echo. The peak-to-peak voltage of the RF waveform in the time window is then measured, and displayed versus transducer position to obtain a C-scan image of the honeycomb core. To gather data for subsequent modeling studies, we performed such a Cscan on a 1 "x1" portion of a rear fan duct section, using the 15-MHz focused transducer described previously. Our time gate began 0.6 microseconds after the onset of the fan duct echo, and had a duration of 3 microseconds. The resulting C-scan image is shown in Fig.  4b ., where large and small peak-to-peak voltages are indicated by light and dark pixels, respectively.
In Fig. Sa ., we display spectral component magnitudes versus transducer position for the ungated RF echoes seen during one-dimensional (linear) scans along the fan duct surface. The scan path followed by the beam's focal spot is illustrated in Fig. 5b . Notice the effect on the selected components (5.86, 11.13, and 12.11 MHz) when the beam is scanned over single side walls. Presumably, the presence of the side wall partially interrupts the interference between reflections from the front and back surfaces of the outer duct skin. The frequencies 5.86 and 11.13 MHz lie within the first two interference minima, respectively, when the beam spot is far removed from the honeycomb side walls. The magnitudes of these spectral components is maximized when the beam is centered on a side wall. Note, however, in Fig. 5 ., that the magnitude of the 11.13-MHz component first decreases and then peaks as the beam approaches the side wall. The physical reason for this behavior is not yet known. The third spectral component displayed in Fig. 5 ., namely 12.11 MHz, is not located near an interference minimum. However, the reverberation tail of the fan duct echo does contribute somewhat to the value of this spectral component. Notice that the amplitude of the 12.11-MHz component drops as the beam approaches the side wall and the reverberation tail consequently shrinks. Useful mathematical models of the pulse/echo inspection system should be capable of predicting the behaviors shown in Fig. 5 .
MODELING PULSElECHO INSPECTIONS
The pulse/echo response from a honeycomb panel can be computed by adding the contribution from each of the possible travel paths (Le., front surface reflection, 1 st back-surface reflection, 2nd back-surface reflection, ... ) that return sound to the transducer. For each such path, focussing, beam diffraction effects, and interface reflection and transmission must be properly considered. In the case where no honeycomb side wall is near the beam focal spot, we can express the Fourier component of the total pulse/echo response of the plate echo at frequency f as [2] :
(1 ) n=l where, Dn = D{ Zo + n~zt) (2) and where ~ is the transducer efficiency factor (deduced from a measured "reference" signal) and a,k,z,T,R, and D denote attenuation coefficient, wavevector, thickness, transmission coefficient, reflection coefficient, and diffraction correction (from the beam model), respectively. Here, subscript "0" refers to the water and "1" to the metal. R bot and R top are plane-wave reflection coefficients for reflection the into skin layer being insonified. If the transducer is thought as being located "above" the skin layer, R bot describes the reflection at the bottom of the layer, and R top describes the reflection at the top of the layer (i.e., at the water/metal interface). The first term in Eq. (1) is the contribution from the front surface and remainder is the sum over the back-surface reverberations, numbered by n=1,2, .... The diffraction correction Do(z) is discussed in Ref. [1] . In this work it is computed by using the Gaussian or Gauss-Hermite model to describe the propagating sound beam. It describes the effects of diffraction and focussing on an echo from an interface located a distance z from the transducer in water. Ill.
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Rear Fan Duct Echo (beam centered over single wall) .
• (a) For pulse echo inspections of rear fan ducts, a time-window is imposed which excludes the leading portion of the fan duct echo, and the peak-to-peak voltage within the window is recorded. The window shown above was used in our experiments. (b) Pulse/echo C-scan image of 1"-square section of the rear fan duct assembly. The image is formed from 81 x81 pixels, corresponding to the gated peak-to-peak voltages at 81 x81 positions of the 15-MHz focused transducer.
The calculation is modified when the incident beam interacts appreciably with a honeycomb side wall. In this case we consider the side wall to modify the reflectivity of the skin layer over some rectangular area A containing the side wall weld. We use R'bot to denote the average reflectivity within this area and we assume that outside area A the reflectivity at the bottom of the skin layer is unaltered by the presence of the side wall. Again the total plate echo can again be represented as a sum over the front surface echo and the back-surface reverberations. If we neglect the effects of diffraction during reverberation within the skin layer (but continue to treat diffraction during direct propagation through the water and to the bottom of the skin layer), a simplified model expression results: r = Ae-2aozo-2ikQZoR D (z)+ '" Ae-2cxozO-2ikozo-2cx1z1n+2ik1z1nT. T 
where the notation is the same as Eq. (1), with the addition that: Co is a measure of the incident displacement field on the bottom of insonified skin layer (see Ref. [1)); A is the area over which the reflection coefficient has the modified value R'bot; and ax and a y are the radii of the elliptical piezoelectric element in the transducer (ax=a y for a circular transducer in this paper). The integral over the effective side wall attachment area is calculated numerically. This integral reduces to Do(zO+v1z1/vO) when the integration area is over the entire xy-plane.
In the present work no effort is made to determine the value of R'bot from the first principles. Rather we will make reasonable guesses about this reflection and the effective width, w, of the side wall which determines the integration area A. In particular, we assume that R'bot=O at all frequencies, and that w=O.05", which is the typical width of the attachment weld (see Fig. 1 b. ).
1.6,-;:::::;:====::;----------. (a) Selected single-frequency components of the plate echo observed when the beam was scanned over a single side wall. A 15-MHz focused transducer was used, and scan path 2 in panel (b) was followed.
In Figs. 6. and 7., we compare measured panel echoes obtained using 15-MHz focused transducer with echoes predicted using Eqs. (1 )-(3) . In each case, the first ten back-surface reverberations (nmax=10) were treated in the modeling. Fig. 6a . compares echoes from a region centered within a honeycomb cell, i.e. far from side walls. The ultrasonic response of the isolated skin region is clearly dominated by the multiple reverberations of energy between two faces. Excellent agreement between theory and experiment is obtained at this inspection frequency where it appears that Lamb wave propagation in the sheet was not playing a significant role [2] . The magnitudes of the spectral components of the measured and predicted echoes are compared in Fig. 6b. The o.5o-r--------------, •~_ 0_ 4.------------------------ 50+-------,-------,-------;3.0 ~ 0~0----~----.----,---- reverberation minima at multiples of about 5.5-MHz are sharper for the model prediction, perhaps due in part to the "ideal" constant skin thickness assumed by the model. Fig. 7 . compares measured and predicted echoes when the beam is directly centered over a single-thickness honeycomb side wall. The later-time portion of the waveforms are not everywhere in phase, but the average amplitude level versus time is well predicted.
When the beam is centered over the side wall as shown in Fig. 7 ., the leading portion of the waveform is not significantly altered, but the reverberation tail is greatly reduced in amplitude. We presume that the reduction of the reverberation tail occurs because sound energy is conducted away from the skin by the side wall. This phenomenon is modeled by using the reduced reflection coefficient R'bot, and the model predicts the panel echo with reasonable accuracy when our Ad hoc choices of R'bot and side wall width are used. Note that C-scan images of the type shown in Fig. 4b . are essentially determined by the size of the envelope function of the RF signal in the time interval immediately following the contribution from the FS reflection. The envelope amplitudes of the predicted and measured echoes are compared in Fig. 8 . for two cases: focal spot away from the side walls; and focal spot directly over a single side wall. The initial rate of decrease of the envelope amplitude immediately following the FS contribution is well predicted in both cases, suggesting that the model could predict C-scan images of the unflawed fan duct panels with good accuracy.
The model can, of course, be used to predict how the panel echo changes as the beam is scanned over across a side wall. Such predictions were made using our Ad hoc values for R'bot and w, and plots of spectral amplitude versus transducer position are shown in Fig. 9 . These predictions qualititatively resemble the experimental results for the same three frequencies shown earlier in Fig. Sa . There are some differences between the measured and predicted amplitudes at locations far from a side wall, possibly reflecting the differences seen in the depths of the interference minima in Fig. 6a .
SUMMARY
Through a set of experiments, we have defined several aspects of the interaction of an ultrasonic beam with a fan duct panel. In particular, we have studied the leading specular signal, which does not significantly depend on transducer position, and the slowly decaying tail, which is greatly reduced when the beam is over a cell side wall. Fourier analysis of these signals reveals a number of interesting spectral features which we interpret in terms of resonances of the skin and interruptions of these resonances by the local side walls. Dramatic changes in a number of spectral features were noted as the beam was scanned over a cell wall. Given these observations, a preliminary model for PIE inspections was developed and tested. It was concluded that a theory explicitly including the periodicity of the core was not needed but that it was necessary to include the effects of the resonance of the skin and the interaction of sound with a cell wall, as influenced by ultrasonic frequency and beam diameter. In the model, the reflectivity of the bottom surface of the insonified skin layer was assumed to vary, having one value (R'bot) near side walls another value (Rbot) away from these walls. Model calculations made assuming that R'bot=O led to predictions in reasonable agreement with experiment. In the future, we plan to: pursue methods for deducing appropriate values of side wall reflectivity (R'bot) from first principles; predict honeycomb RF signals in the presence of defects (disbonds, water contaminants, etc.); and, extend the model to through-transmission inspection.
